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We present a novel quantum phenomenon named electromagnetically induced 
entanglement in the conventional -type three-level atomic system driven by a strong 
pump field and a relatively weak probe field. Nearly perfect entanglement between 
the pump and probe fields can be achieved with a low coherence decay rate between 
the two lower levels, high pump-field intensity, and large optical depth of the atomic 
ensemble. The physical origin is quantum coherence between the lower doublet 
produced by the pump and probe fields, similar to the well-known electromagnetically 
induced transparency. This method would greatly facilitate the generation of 
nondegenerate narrow-band continuous-variable entanglement between bright light 
beams by using only coherent laser fields, and may find potential and broad 
applications in realistic quantum information processing.  
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The strong interactions between material media and laser fields may lead to 
many special effects, such as coherent population trapping (CPT) [1], 
electromagnetically induced transparency (EIT) [2], rapid adiabatic population 
transfer [3], enhancement of nonlinear optical processes [4], and quantum correlation 
and entanglement [5-11]. The common physical mechanism underlying these peculiar 
effects is the laser-induced quantum coherence established in the media. Though the 
above-mentioned effects have been extensively examined in the - or multi--type 
atomic systems driven by two or more laser fields, where at least one of the fields is 
generally treated classically, only a few studies have been performed on the quantum 
correlated properties of the pump and probe fields in the simplest and 
widely-employed -type three-level atomic system [12-14]. The phase and amplitude 
correlations between the two laser fields in the -type three-level atomic system have 
been investigated in Refs. [12, 13]; it was pointed out by Nussenzveig et al. [14] that 
there exist intrinsic quantum correlation and entanglement between the pump and 
probe fields in this simple EIT scheme. However, in Ref. [14], they used the 
interaction between two fields and atoms in a ring cavity to approximately simulate 
the interaction of atoms with two propagating fields.  
In this paper, we directly consider the interaction of an ensemble of atoms with 
the propagating pump and probe fields on the basis of Heisenberg-Langevin equations, 
and demonstrate the novel effect, named electromagnetically induced entanglement 
(EIE), in the -type three-level atomic system. It is shown that, in the traditional EIT 
regime, nearly perfectly correlated and entangled pump and probe fields can be 
achieved at high pump-field intensity, high optical depth of the atomic medium, and a 
relatively low coherence decay rate between the two lower levels (as compared to the 
spontaneous decay rate of the excited state). This method provides an efficient and 
convenient way to generate bright nondegenerate narrow-band entangled fields by 
using only coherent light fields, which may hold great promise for practical 
applications in quantum communication and quantum networks.  
The considered -type three-level atomic system driven by a strong pump field 
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(Ec) and a relatively weak probe field (Ep), as shown in Fig. 1a, is based on the D1 
transitions in 85Rb atom used in the experiment [15]. Levels 1 , 2 , and 3  
correspond, respectively, to the ground-state hyperfine levels 5S1/2 (F=2), 5S1/2 (F=3) 
and the excited state 5P1/2 in D1 line of 
85Rb atom. The coherent probe field with 
frequency p  and pump field with frequency c  couple transitions 1  to 3  and 
2  to 3  with the frequency detunings given by Δ1 = p-31 and Δ2 = c-32, 
respectively, where ij (i  j) is the atomic resonant frequency between levels i and j. 
We denote 1  and 2  as the population decay rates from level 3 to levels 1 and 2, 
respectively, and 12  as the dephasing rate between levels 1 and 2 due to atomic 
collisions and/or finite interaction time between atoms and light fields. In what 
follows, we take into account the quantum features of both the pump and probe fields 
by using the Heisenberg-Langevin method, and show how EIE in this -type 
three-level atomic system can be established via the atomic coherence between the 
lower doublet created by the two fields. 
The quantum operators of the probe and pump fields are denoted as 1( , )a z t  and 
2( , )a z t , and the collective atomic operators as ij( , )z t  (i, j=1, 2, and 3), respectively. 
The interaction Hamiltonian in the rotating-wave approximation has the form [12, 16, 
17]  
        1 33 1 2 22 1 1 31 2 2 320ˆ , ( ) , ( , ) , ( , ) , . .
LN
V dz z t z t g a z t z t g a z t z t H c
L
            
  
(1)  
where 1(2) 13(23) 1(2) /g      is the atom-field coupling constant with 13(23)  being the 
dipole moment for the 1-3 (2-3) transition and 
    01 2 1 2 2 V   є  being the electric 
field of a single probe (pump) photon; 0є  is the free space permittivity and V is the 
interaction volume with length L and beam radius r; and N is the total number of 
atoms in the interaction volume. The Heisenberg-Langevin equations for describing 
the evolutions of the atomic operators can be written as 
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( , ) ( , ) ( , ) ( , ),z t ig a z t ig a z t F z t                                (2) 
22 2 33 2 2 23 2 2 32 22( , ) ( , ) ( , ) ( , ),z t ig a z t ig a z t F z t    
                           (3) 
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                        (6) 
where 1 2
13 23
+
2
 
   , and ( , )ijF z t  are the collective atomic  -correlated Langevin 
noise operators. The noise correlation functions for the noise operators ( , )ijF z t  can be 
expressed as    ' ' , ' ', ', ' ( , ) ( ') ( ')ij i j ij i j
L
F z t F z t z t z z t t
N
    , where , ' '( , )ij i j z t  is the 
Langevin diffusion coefficient and can be calculated by using the generalized 
dissipation-fluctuation theorem [12]. Under the assumption that the 
uniformly-distributed pencil-shaped atomic sample is optically thin in the transverse 
direction, the evolutions of the annihilation operators 1a  and 2a  can be described 
by the coupled propagation equations, 
1 1 13( ) ( , ) ,c a z t ig Nt z

 
 
 
                                          (7) 
2 2 23( ) ( , ) .c a z t ig Nt z

 
 
 
                                          (8) 
We use the similar analysis as in Ref. [18] by writing each atomic or field operator as 
the sum of its mean value and a quantum fluctuation term (i.e., 
ij ij ij     and 
i i ia a a  ) to treat the interaction between the atoms and the fields. We assume 
that 1 2 12,    and 2 2g a  (corresponding to the Rabi frequency of the pump 
field in semiclassical treatment) is much larger than 
12 13   (i.e., in the EIT regime), 
so the depletions of the pump and probe fields can be safely neglected. Under these 
conditions, the steady-state mean values of the atomic operators can be obtained by 
setting the time derivatives equal to zero and neglecting the noise operators. To get 
the quantum fluctuations of the atomic operators, we substitute the mean values of the 
atomic and field operators into the Fourier-transformed Heisenberg-Langevin 
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equations for the quantum fluctuations of the atomic operators. By substituting 
13 ( , )z   and 23( , )z   and their Hermitian conjugates into the Fourier-transformed 
coupled propagation equations of Eqs. (7) and (8) and their conjugates, the quantum 
fluctuations of the output field operators 
1( , )a L   ( 1 ( , )a L 
 ) and 
2 ( , )a L   
(
2 ( , )a L 
 ) with respect to the Fourier frequency   can be attained, which are linear 
combinations of the quantum fluctuations of the input field operators 
1(0, )a   
(
1 (0, )a 
 ) and 
2 (0, )a   ( 2 (0, )a 
 ) and Langevin noise terms. To test the 
entanglement feature between the output pump and probe fields, we use the 
entanglement criterion 12 4u v  
2 2V =( ) ( ) , as proposed in Ref. [19], where 
1 2=u x x    and 1 2=v p p    with =( )i i ix a a  
  and = ( )i i ip i a a  
   
being the amplitude and phase quadrature fluctuation components of the quantum 
field operator ia . Satisfying the above inequality is a sufficient demonstration for the 
generation of bipartite entanglement, and the smaller the correlation 12V  is, the 
stronger the degree of the bipartite entanglement becomes. We assume the probe and 
pump fields to be initially in the coherent states 
1  and 2 , so the mean values of 
the field amplitudes are equal to 
1  and 2 , respectively. In the following, the 
relevant parameters are scaled with m and MHz, or m-1 and MHz-1, and set according 
to the realistic experimental conditions used in Ref. [15] with the atomic density 
191 10n   , -4=2 10r  , =0.06L , and 1 2= =3  .  
Figure 2a gives the main result of this study, where the evolution of the 
correlation 12V  at zero Fourier frequency as a function of the pump-field intensity 
2
2  is depicted. Obviously, when the intensity of the pump field is very weak, 12V  is 
much larger than 4, so no entanglement exists between the probe and pump fields. 
With the increase of pump field intensity, 12V  decreases rapidly and becomes less 
than 4, which sufficiently demonstrates the generation of genuine bipartite 
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entanglement between the two fields. When the pump field intensity is strong enough 
so that 
2 2 12 13g    , 12V  becomes nearly equal to zero, which indicates that 
perfectly quantum-correlated and entangled probe and pump fields can be obtained. 
For comparison, the absorption coefficient   of the probe field at zero Fourier 
frequency (
31 13 1 1(Im ) / g     with 31Im   being the imaginary part of 31 ) 
as a function of the pump field intensity is shown in Fig. 2b. It is clear that EIT is 
exhibited with the increase of pump field intensity. Note that in the above calculations, 
in order to keep the mean values of atomic operators and the intensity absorption rates 
of the pump and probe fields nearly stable so as to compare the degrees of 
entanglement under different pump field intensities, according to the results in Ref. 
[12], the ratios of 2 1/  , 12 2/  , and 2/n  should be kept fixed under the 
conditions of 1 2 12,    and 2 2 12 13g    , and in our calculations we set the 
1 2 / 20  , 0 1n n  , and 12 10.1  . 
The optical depth of the atomic ensemble plays a key role in the generation of 
entanglement, as seen from the dependence of the correlation V12 at zero Fourier 
frequency on the atomic density n shown in Fig. 3. Clearly, 12V , with the initial value 
of 4, decreases rapidly with the increase of the atomic density, indicating the 
established bipartite entanglement between the pump and probe fields. When n0 is 
about larger than 187 10 /m3, 12V  becomes nearly zero, and the two fields get 
perfectly entangled. Similar evolution of 12V  with respect to the interaction length L 
is also observed. This indicates that the coherent pump and probe beams evolve from 
initially uncorrelated into nearly perfectly entangled beams as they propagate through 
the dense atomic medium, accompanying the building up of the atomic coherence 
between the two lower levels 1 and 2. The requirement of using large optical depth 
has also been extensively examined for generating entanglement between the Stokes 
and anti-Stokes fields in the double- and multiple--type atomic systems [5-11]. 
The physical mechanism underlying EIE resides in the quantum coherence 
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established between the two lower levels, similar to EIT. This can be seen clearly 
from Eqs. (2-8). Due to the atomic coherence 
12  self-produced by the pump and 
probe fields, the quantum fluctuation of each output field operator comes from a 
linear combination of the input field operators 
1(0, )a  , 1 (0, )a 
 , 
2 (0, )a  , and 
2 (0, )a 
 , as well as the Langevin noise terms; therefore, the fluctuations of the pump 
and probe fields are coupled together and subsequent correlation and entanglement 
between the two fields can be established as they propagate through the atomic 
medium. If there were no atomic coherence 
12 , there wouldn’t be mutual coupling 
between the probe and pump fields, and therefore no entanglement would be 
established between the two fields. 
The generated bipartite entanglement between the probe and pump fields can 
also be well understood in terms of the quantum interference between two 1 - 3  
transition pathways as shown in Fig. 1b, which is the physical origin of EIT as well. 
One pathway for the 1 - 3  transition is induced by absorbing one probe photon, and 
another one is induced by absorbing one probe photon and one pump photon and 
emitting one pump photon. The destructive quantum interference between these two 
1 - 3  transition pathways results in EIT [2]. As a matter of fact, the second pathway 
for the 1 - 3  transition can be regarded as the result of absorbing one photon from 
the four-wave-mixing (FWM) field produced by the pump and probe fields; 
consequently, the interaction between the two 1 - 3  transition processes can be 
equivalently thought to be a closed-loop light-atom interaction of a FWM process. As 
the photon of the FWM field is identical to the probe field and every generated FWM 
photon is always accompanied by the depletion of one probe photon and one pump 
photon, as well as the generation of one pump photon, after this closed-loop 
light-atom interaction, there are no net losses of energy from both the pump and probe 
fields, and subsequently both EIT and EIE can be attained in the system. In fact, 
FWM has already been identified as an efficient process to produce entanglement, and 
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the generations of entangled Stokes and anti-Stokes photons by using FWM processes 
have been extensively studied in the double- and multi--type atomic systems [5-11]. 
As the pump field intensity and the optical depth of the atomic ensemble are increased, 
the FWM process is strengthened, and therefore the degree of entanglement between 
the pump and probe fields would be greatly enhanced.  
As is well known, EIT critically depends on the dephasing rate 12  between the 
two lower levels, and would deteriorate with the increase of 12 . This is not the case 
for EIE under the realistic experimental conditions of 1 2 12,    and 
2 2 12 13g    . Figure 4 displays the dependence of the correlation V12 at zero 
Fourier frequency on 12 . It can be seen that when there is no dephasing between the 
two lower levels, V equals 4, and no entanglement would exist between the pump and 
probe fields. With the increase of 12 , the bipartite entanglement is strengthened 
dramatically, and nearly perfect entangled pump-probe fields can be achieved. This is 
due to the fact that when the dephasing 12  equals zero, not only 33  but also 
13  and 23  will become zero, that is, the atoms will always stay in the dark state 
and the medium is completely transparent to both the pump and probe fields, so no 
entanglement can be established between the two fields. Under conditions of 
1 2 12,   , 2 2 12 13g     and 2 1  , as 13  and 23  increase linearly 
with 12  [12], so the probability to leave the dark state will increase with increasing 
12  and the bipartite entanglement would be strengthened. However, when the 
dephasing rate 12  becomes comparable to or larger than the decay rate 1 2( )   of 
the excited state, the dissipation process becomes dominant, and the entanglement 
would be weakened and eventually disappear (Note that when the dephasing rate 12  
becomes relatively large, the approximation of neglecting the depletions of the pump 
and probe fields would break down). Similar behavior has been observed for 
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generating pump-probe intensity correlation [13] and nonclassical (e.g., squeezed) 
states of light [20] with respect to the dephasing rate 12  in the -type CPT 
configuration.  
It is interesting to emphasize that entanglement between two weak light fields 
(even in the single-photon level) has been predicted in a coherently-prepared atomic 
medium by using two relatively strong driving laser fields with nearly equal intensity 
[21], where the two driving fields for creating the atomic coherence are generally 
treated classically. However, here we show that the two laser fields for 
pre-establishing atomic coherence in EIT regime are intrinsically entangled 
themselves under certain conditions. The present result, together with our previous 
one [11], clearly indicate that arbitrary number of entangled fields including the 
strong pump and probe fields traditionally-treated classically for preparing atomic 
coherence can be achieved via multiple FWM processes in the multi--type atomic 
systems. 
In conclusion, we have demonstrated electromagnetically induced entanglement 
in the conventional -type three-level atomic system driven by a strong pump field 
and a relatively weak probe field, which also holds for the ladder- or V-type 
three-level system. Moreover, this scenario is quite general and may be applied to 
other systems, such as in solid-state media. The underlying physical mechanism is the 
quantum coherence between the two lower levels self-produced by the pump and 
probe fields, similar to the well-known electromagnetically induced transparency. 
This technique provides a convenient and efficient way to generate nondegenerate 
narrow-band continuous-variable entanglement between two bright light beams with 
only coherent laser fields, which may bring great facility in realistic quantum 
information processing protocols.    
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FIG. 1. (a) The -type three-level system of the D1 transitions in 
85Rb atom coupled by a strong pump field (Ec) and a relatively weak 
probe field (Ep). (b) The equivalent configuration of (a) for the 
light-atom interaction resulting in EIT and EIE. 
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FIG. 2. (a) The evolution of the correlation 12V  at zero Fourier 
frequency as a function of the pump field intensity 2
2  with 
1 2= =0  , =0.06L , 
-4=2.0 10r  , 1 2= =3  , 1 2 / 20  , 
19
11 10n   , and 12 10.1   in corresponding units of m and MHz, 
or m-1 and MHz-1. (b) The corresponding absorption coefficient   
of the probe field exhibiting EIT. 
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FIG. 3. The dependence of the correlation V12 at zero Fourier 
frequency on the atomic density n with 
2 120 20   , 12 =0.1 , 
and the other parameters are the same as those in Fig. 2.  
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FIG. 4. The dependence of the correlation V12 at zero Fourier 
frequency on the dephasing rate 12  with 
19=1 10n  , 2 120 20   , 
and the other parameters are the same as those in Fig. 2.  
 
